"Open" magnetic resonance imaging (MRI) scanners are frequently based on electromagnets or permanent magnets, and require self-shielded planar gradient coils to prevent image artifacts resulting from eddy currents in metallic parts of the scanner. This work presents an optimization method for the development of self-shielded gradient coils with biplanar geometry for "Open" MRI scanners. Compared to other optimization methods, this simple approach results in coils that produce larger uniform gradient volumes, and have simple and scalable manufacture.
I. INTRODUCTION
Open magnetic resonance imaging (MRI) scanners are frequently based on electromagnets or permanent magnets and require planar gradient coils [1] . In these systems, the gap between pole tips is minimized in order to increase the magnetic field strength, B 0 , and the gradient coils need to fit restricted volumes and are located very close to metallic parts of the scanner. This proximity results in eddy currents that cause severe image artifacts, especially for fast imaging modalities such as echo-planar imaging (EPI) that can only be minimized by using self-shielded gradient coils [2] [3] .
Despite several methods have been developed in the last two decades to improve the quality of the cylindrical gradient coils used in superconductive MRI scanners, and meet the requirements of modern imaging techniques (high magnetic field linearity and gradient efficiency, low coil inductance, and maximal shielding efficiency) [4] , limited research has been devoted to the planar geometry [5] [6] [7] , and the optimization of gradient coils with this geometry is still in its infancy.
Recently I presented the fast simulated annealing (FSA) method, a novel optimization technique for the design of selfshielded gradient coils with cylindrical geometry [8] [9] [10] . It combines the simulated annealing (SA) [11] [12] [13] [14] and the target field (TF) [3] [4] 15] techniques to optimize the standard stream functions used to design gradient coils. Compared to standard approaches, this method results in coil with lower inductance that produce larger volumes of gradient field uniformity [9] . Here I present the FSA method for the optimization of selfshielded biplanar gradient coils.
II. THEORY
The method described below is proposed for the design of self-shielded gradient sets with biplanar geometry [1, 2] . In these gradient system, currents flow in four parallel (x, y)-planes: The primary current density flows in the two inner planes, placed at z = ±a, and the shielding current density flows in the two outer planes, placed at z = ±b (a ≤ b). Currents in the primary and shielding planes must flow in opposite sense to null the magnetic field outside the gradient set. For the longitudinal gradient, G z , the current density must be anti-symmetric with respect to the z = 0 plane and have axial symmetry. For the transverse gradient, G x , the current distribution must be symmetric with respect to the z = 0 plane, and invariant along y.
Planar stream functions
To take advantage of symmetry conditions we will use the cylindrical (r, φ, z) and cartesian (x, y, z) frames of references for the longitudinal and transverse gradients, respectively.
Due to the continuity equation ∇ · j = 0, the current densities flowing in the primary planes of the longitudinal and transverse gradients can be obtained by calculating the curl of a vector S = (0, 0, S):
Transverse
where the scalar functions, S L (r), and S T (x) will be referred as the longitudinal and transverse stream functions, respectively. The spatial dependence of the stream functions can be modeled by using a set of n parameters, ε i . In this work, the following parameterized functions were used:
and
Shielding
The simplest longitudinal gradient (G z ) coil is the Maxwell arrangement, which is composed by two current loops of radius R carrying opposite currents I in the primary planes. To null the magnetic field produced by this biplanar configuration outside the coil, a current density given by [1] 
is required in the shielding planes, where J 1 is the Bessel function of order 1. Thus, to shield a continuous current distribution j φ (r ) flowing in the primary planes of a more general Maxell-like current distribution, a shielding current density
in the shielding planes is necessary.
The simplest transverse gradient [7] with biplanar geometry consists of two straight wires parallel to the y-axis at x = ±d in the primary planes. To null the magnetic field produced by this distribution outside the coil, a current density
in the shielding planes is required (see Ref. [1] ). Therefore, for a continuous symmetric current density j y (x ) in the primary planes, a shielding current density 
Discrete current distributions
We used N circular wires with radii R i (i = 1, · · · , N) in each primary plane to make the longitudinal current distribution discrete. The radii were calculated according to:
where I is the current carried by each loop.
Similarly, we used M straight wires in each primary plane at x i (i = 1, · · · , M), which were parallel to the y-axis, to make the transverse current distribution discrete. The wire positions x i were calculated according to:
To make the longitudinal and transverse shielding current densities discrete, similar procedures were used. For the transverse gradient coils, the return path of each wire in the primary planes is a wire in the shielding planes; these coils are similar to rectangular sandwiches formed by two rectangular solenoids of b − a thickness [2] . For inter-connections between the primary and shielding planes, b − a length wires along the z-axis were used to null the z-component of the magnetic field resulting from these segments. The length of the parallel straight wires was set as L >> a, in order to use the theoretical shielding current density [Eq. (8)].
Simulated annealing
The stream function parameters were adjusted in order to minimize the dimensionless error function [8] ,
which measures the gradient field dispersion in the region-ofinterest (ROI). The gradient field produced by the gradient coil at a given point of the space, G, was calculated at N points in the ROI [8] , by using the Biot-Savart law. 
III. RESULTS
A C-language program, which computes Eq. (1) to (11), was developed to optimize the stream functions. Only 6 adjustable parameters were used for each stream function (Eqs. (3) and (4) 
and for the transverse coil [2]
was used. Here R i and x i are the positions of the i-wire in the longitudinal and transverse coils, respectively. These expressions includes self and mutual inductance between the wires in the primary and shielding planes. Figure 2 shows the efficiency of the shielding coil to null the magnetic field in the outer region. These Biot-Savart calculations were performed for a = 0.035 m and z = 0.05m. Solid lines are the z-component of the magnetic field produced by primary coils and dashed lines correspond to the field produced by both primary and shielding coils in Fig 1. As shown in these figures, the shielding coils cancel at least 95% of the unshielded fields at this axial position (z = 1.423a), which corresponds to the position of the pole tips. The curves in Fig. 3 are contour plots showing the limits of the 95% homogeneous gradient volume (HGV) produced by the proposed gradient coils; solid and dashed lines correspond to the coils in Fig. 1 . Coils designed by this method have very large HGV. For the longitudinal gradient, the HGV has a spherical radius of 0.75a. For the transverse gradient, the HGV is a cylinder coaxial to the z-axis with height = 2.6a, and radius = 0.65a. The calculated values for the extension of the 95% HGV along the z-and x-axes, the gradient efficiency, coil inductance and resistance, L and R, and the overall shielding efficiency, κ, corresponding to the coils in The bottom panels of Figs. 4 and 5 compare the limits of the 95% HGV produced by longitudinal and transverse gradient coils, respectively, in the coronal plane. Solid, dashed, and dotted lines correspond to the designs achieved in this work, Ref. [2] , and Ref. [7] , respectively. As shown in these figures, the optimization of stream functions results in coils producing larger HGV than those designed by our previous method [2] .
IV. CONCLUSION
This work presents a method for the development of gradient coils with planar geometry, which is based on the numerical optimization of biplanar stream functions. This method allows for the design of self-shielded, low-inductance gradient coils. The coils produce larger uniform gradient volumes than those resulting from previous optimization methods. Furthermore, the designs can be scaled and their simplicity makes possible easier coil manufacture. 
